Photoionization efficiency spectrum and ionization energy of HSO studied by discharge flow photoionization mass spectrometry by Cheng, BM
Photoionization efficiency spectrum and ionization energy of HSO studied
by discharge flow-photoionization mass spectrometry
Bing-Ming Chenga)
Synchrotron Radiation Research Center, No. 1, R&D Road VI, Hsinchu Science-Based Industrial Park,
Hsinchu 30077, Taiwan, Republic of China
Ju¨rg Eberhard, Wei-Chen Chen, and Chin-hui Yu
Department of Chemistry, National Tsing Hua University, No. 101, Sec. 2, Kuang Fu Road, Hsinchu 30043,
Taiwan, Republic of China
~Received 22 November 1996; accepted 14 March 1997!
The photoionization efficiency ~PIE! spectrum of HSO was measured in the spectral range ~107–
130! nm by means of a discharge flow and a photoionization mass spectrometer coupled to a
synchrotron as the radiation source. HSO radicals were generated by reacting O atoms with various
organothiol compounds, C2H5SH, 2-C3H7SH, or HSC2H4SH, in the flow tube. The ionization
energy of HSO was determined for the first time and found to be ~9.91860.016! eV. GAUSSIAN-2
calculations predict 9.897 eV for ionization to HSO1, the singlet ground state of the molecular ion,
in satisfactory agreement with the experimental result. The onset to triplet HSO1 may occur at
~11.1560.04! eV. A vibrational frequency of HSO1 of (11506160) cm21 was derived from the
separation of steps in the PIE spectrum. The heat of formation of HSO1 was also derived and
calculated to be D fH298
+ (HSO1!5~22865! kcal mol21. © 1997 American Institute of Physics.
@S0021-9606~97!03423-5#I. INTRODUCTION
Hydrogen sulfide is a major reduced sulfur compound in
the atmosphere.1 Oxidation of such sulfur compounds leads
to acidic precipitation. The atmospheric degradation of H2S
is initiated by reaction with hydroxyl radicals,2–4 which can
form HS radicals,
OH1H2S!HS1H2O. ~1!
Further oxidation of HS radicals with O3 ~Refs. 5–8! or
NO2 ~Refs. 9 and 10! in the atmosphere can generate HSO
radicals,
HS1O3!HSO1O2, ~2!
HS1NO2!HSO1NO. ~3!
Reaction of O atoms with RSH ~in which R5H, CH3, or
C2H5!11,12 also produces HSO,
O1RSH!HSO1R. ~4!
Subsequent oxidation of HSO leads to formation of SO2 and
eventually to H2SO4. Thus HSO is a key intermediate in the
oxidation of reduced sulfur compounds in the atmosphere.
HSO is characterized spectroscopically by laser-induced
fluorescence,13–17 laser-magnetic resonance,18,19 microwave
spectra,20 intracavity laser absorption,21–23 and chemi-
luminescence,7 but no photoionization spectrum is reported.
In kinetic experiments photoionization mass spectrometry
was employed to detect HSO. It is important to measure
photoionization spectra of HSO so that an optimal wave-
length for ionization of HSO in kinetic studies can be estab-
lished.
a!Author to whom all correspondence should be addressed.J. Chem. Phys. 106 (23), 15 June 1997 0021-9606/97/106(23)/9
Downloaded¬21¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjecIn the present work we measure photoionization effi-
ciency spectra ~PIE! of HSO by using a discharge flow-
photoionization mass spectrometric apparatus ~DF-PIMS!
coupled to a synchrotron as the ionizing source. HSO radi-
cals are generated from the reactions of oxygen atoms with
various organothiol compounds in the flow tube. The ioniza-
tion energy ~IE! of HSO is determined from the PIE spec-
trum. In order to assess the reliability of the experimental
results, we employ ab initio calculations on HSO and
HSO1 using the GAUSSIAN-2 ~G2! theoretical procedure. Pre-
dictions obtained in these calculations are compared to the
experimental results.
II. EXPERIMENTAL SECTION AND THEORETICAL
METHODS
A. Experiment
The discharge flow-photoionization mass spectrometer
coupled to a synchrotron as an ionization source is described
in detail elsewhere;24 only matters pertinent to this experi-
ment are explained here. A 30-cm-long Pyrex™ flow tube
with 25 mm i.d. was used. To minimize possible surface
reactions, a Teflon™ tube ~i.d. 22 mm! was inserted into the
flow tube.
HSO radicals were generated via the reaction of atomic
oxygen with organothiol compounds. O atoms were pro-
duced in a sidearm of the flow tube by flowing O2 /He mix-
tures through a microwave discharge. The organothiol com-
pounds were added to the reaction region of the flow tube in
a stream of He through a movable injector ~o.d. 8 mm!. The
O1CH3SH reaction is unsuited for the generation of HSO
radicals because the product ion HSO1 (m/z549) is diffi-
cult to resolve from the parent ion CH3SH1 (m/z548).
Therefore HSO radicals were generated from the reactions of9727727/7/$10.00 © 1997 American Institute of Physics
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9728 Cheng et al.: Ionization energy of HSOO atoms with C2H5SH, 2-C2H7SH, or HSC2H4SH. The rate
coefficients for the O1CH3SH and O1C2H5SH reactions at
298 K are 2.0 and 3.0310212 cm3 molecule21 s21,
respectively.25 Although no rate coefficients for the reactions
of O atoms with other organothiol compounds are reported,
we believe that the O12-C3H7SH and O1HSC2H4SH reac-
tions are also fast and that these reactions are also suitable to
produce HSO radicals. Attempts were also made to generate
HSO radicals through reaction ~3!. HS radicals were gener-
ated from the Cl1H2S reaction. We were unable to produce
sufficient amounts of HSO radicals, most probably because
the radicals were efficiently lost through the fast reaction
with NO2.
The pressure in the flow tube was regulated with a rotary
pump and maintained at ~0.5–1.5! Torr. The effluents in the
flow tube were sampled into a second chamber through a
Teflon diaphragm with a hole of 2 mm in diameter. A turbo-
molecular pump (1000 l s21) was employed to maintain
pressures below 231024 Torr in the second chamber. The
effluents were subsequently sampled through a Teflon skim-
mer with an orifice of 3 mm in diameter into the ionization
region of the mass spectrometer. Another turbomolecular
pump (1000 l s21) served to maintain pressures below 8
31026 Torr in this ionization chamber. The ions were se-
lected with a quadrupole mass filter aligned in the axial di-
rection and detected with a channeltron.
The radiation for photoionization was conducted through
a 1 m Seya–Namioka monochromator from the 1.3 GeV
storage ring of the Synchrotron Radiation Research Center in
Taiwan.26 The photoionization spectra were normalized for
intensity variations in the ionizing source by procedures de-
scribed before.24 The intensity of the zero-order light was
recorded to calibrate the monochromator at the beginning
and to verify the calibration at the end of each injection of
the storage ring.24,27 A LiF window ~2 mm thick! was placed
between the ionizing chamber and the exit port of the mono-
chromator to suppress radiation of second and higher orders
from the grating.
Typical flow conditions were as follows: total flow rate:
FT5(5.5– 7.5) STP cm3 s21; flow rate of O2:
FO250.02 STP cm
3 s21; vapor flow rate of organothiol com-
pound ~RSH!: FRSH5~0.1–0.2! STP cm3 s21; flow rate of He
to carry O2: FHe/O252.0 STP cm
3 s21; flow rate of He to
carry the vapor of RSH: FHe/RSH5~0.2–2.0! STP cm3 s21.
Laboratory gases ~Matheson! of He ~99.9995%! and O2
~99.997%! were directly used without further purification.
Ethanethiol ~.99%!, 2-propanethiol ~.98%!, and 1,2-
ethanedithiol ~.99%! were purchased from Merck, and the
first fifth of the liquid samples were pumped away before
use.
B. Computational methods
The ab initio G2 method28 was employed to calculate the
ionization energy of HSO. The energies EG2 of HSO and
HSO1 were computed at the optimized geometry, obtained
from a MP2 perturbation calculation with a 6-31(d) basis
set, and all electrons were included @MP2~full!/6-31(d)# .J. Chem. Phys., Vol. 106,
Downloaded¬21¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjecThe zero-point energies were evaluated with harmonic fre-
quencies from HF/6-31(d) scaled by 0.8929. To compute the
vertical IE, the G2 level energy of HSO1 EG28 was deduced
from single point calculations with geometry optimized at
the MP2~full!/6-31(d) level of HSO, which is the most
stable structure of the neutral molecule. The single point cal-
culations required for the ion included QCISD~T,E4T!/6-
311~d,p!, MP4/6-3111(d ,p), MP4/6-3111(2d f ,p), and
MP2/6-3111(3d f ,2p). Possible vibrational excitation of
the ion associated with the vertical transition was not treated
explicitly and the zero-point energy of the ion was used as an
approximation. Program suite GAUSSIAN 9429 was used to
perform the G2 and single point calculations for
EG28~HSO! in order to obtain IE and IEvertical of HSO.
III. RESULTS AND DISCUSSION
A. PIE spectrum and IE of C2H5SH
Photoionization efficiency spectra of various reactants
were measured first to establish the performance of the PIMS
system. Figure 1 shows the PIE spectrum of C2H5SH over
the wavelength range l5~110–140! nm. The spectrum was
obtained by monitoring the ion counts at m/z562 that are
normalized with respect to relative intensities of the ionizing
source at varied wavelengths. This spectrum was scanned in
0.1 nm steps at a slit width of 0.05 mm, corresponding to a
nominal resolution of about 0.1 nm.
The spectrum displays an abrupt onset, characteristic for
direct ionization through the 0!0 transition and thus indi-
cating similar geometries of the electronic ground states of
both the ion and the neutral molecule. The first derivative of
the PIE spectrum @d(PIE)/dl# , near the threshold region
FIG. 1. Photoionization efficiency spectrum of C2H5SH (m/z562) at a
nominal resolution of 0.1 nm and with 0.1 nm steps. The concentration of
C2H5SH in He was 2.4%. The first derivative of the PIE spectrum near the
onset region is shown in the inset. The arrow indicates the ionization energy
of C2H5SH.No. 23, 15 June 1997
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9729Cheng et al.: Ionization energy of HSO~130–136! nm is plotted in the inset of Fig. 1, which contains
one relatively sharp feature. The ionization threshold was
determined from the maximum of the first derivative curve,
which appears at ~133.660.1! nm, as indicated by the arrow
in Fig. 1. This threshold corresponds to an ionization energy
of ~9.28060.007! eV, in excellent agreement with the value
~9.28560.005! eV measured with the photoionization
method.30 Hence, it is demonstrated that the DF-PIMS sys-
tem operates properly and the wavelength calibration, estab-
lished by adjusting to the maximum intensity of the zero-
order light, is reliable. The results are summarized in Table I.
B. PIE spectrum and IE of 2-C3H7SH
The PIE spectrum of 2-C3H7SH was measured similarly
as for C2H5SH and is shown in Fig. 2. As photoionization of
organothiol compounds involves the removal of an essen-
tially nonbonding electron from a 3p lone pair localized on a
sulfur atom, the PIE features near the threshold region for
these compounds are expected to be sharp.31 Thus as the
photon energy is increased, the PIE signals for organothiol
compounds are found to increase steeply from the threshold.
TABLE I. Ionization energies ~in eV! measured in this work.
Species This work Previous results Reference
C2H5SH 9.28060.007a 9.28560.005 30
2-C3H7SH 9.14360.007a 9.14 31
HSC2H4SH 9.28060.014a
HSO 9.91860.016b
aUncertainty derived from instrumental resolution.
bUncertainty limits represent 2s ~see Table II!.
FIG. 2. Photoionization efficiency spectrum of 2-C3H7SH (m/z576) at a
nominal resolution of 0.1 nm and with 0.1 nm steps. The concentration of
2-C3H7SH in He was 1.5%. The first derivative of the PIE spectrum near the
onset region is shown in the inset. The arrow indicates the ionization energy
of 2-C3H7SH.J. Chem. Phys., Vol. 106,
Downloaded¬21¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjecAs in the case of C2H5SH, the threshold of photoioniza-
tion of 2-C3H7SH was determined from the maximum of the
first derivative of the PIE spectrum, found at ~135.660.1!
nm, as indicated by the arrow in the inset of Fig. 2. This
threshold corresponds to an ionization energy of ~9.143
60.007! eV, in agreement with the value of 9.14 eV mea-
sured in a He I photoelectron spectrum.31
C. PIE spectrum and IE of HSC2H4SH
The PIE spectrum of HSC2H4SH shows a more gradu-
ally rising onset than those of C2H5SH and 2-C3H7SH, as
depicted in Fig. 3. In contrast to the latter two cases, the first
derivative of the PIE spectrum of HSC2H4SH near the onset
region l5~128–138! nm consists of several maxima as
shown in the inset of Fig. 3. The first three features from the
right congest to one broad band that we are unable to resolve
in terms of either autoionization structure or vibrational pro-
gressions of the HSC2H4SH1 ion.
In recent ab initio calculations, Zhao et al.32 predicted
rotational isomers with varied conformations besides the
most stable isomer of HSC2H4SH that possesses C2h sym-
metry. The three features in the first derivative curve might
involve transitions of rotational isomers of the neutral mol-
ecule to their ionic ground states or from the ground state of
the neutral molecule to rotational isomers of the ion. We
identify the first feature as the threshold for ionization from
the ground state of the neutral molecule to the ground state
of the ion. The corresponding ionization energy of ~9.280
60.014! eV is the first such value reported for HSC2H4SH.
FIG. 3. Photoionization efficiency spectrum of HSC2H4SH (m/z594) at a
nominal resolution of 0.2 nm and with 0.1 nm steps. The concentration of
HSC2H4SH in He was 0.2%. The first derivative of the PIE spectrum near
the onset region is shown in the inset. The arrow indicates the ionization
energy of HSC2H4SH.No. 23, 15 June 1997
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In order to verify the generation and detection of HSO
radicals, the radicals were produced through reactions of
atomic oxygen with three organothiol compounds,
C2H5SH, 2-C3H7SH, and HSC2H4SH. In Fig. 4 the PIE
spectrum of ions at m/z549 (HSO1) is shown, recorded
from the O12-C3H7SH reaction. The spectrum was obtained
at 0.2 nm steps with slit width of 0.2 mm in the spectral
range l5~107–130! nm. A background ion yield spectrum
for m/z549 was also recorded under the same flow condi-
tions except that the microwave discharge to produce O at-
oms was turned off. There was no structure observed in the
background spectrum for wavelengths greater than 107 nm,
it only contained small and regular noise. Thus the PIE spec-
trum displayed in Fig. 4 represents an interference-free spec-
trum of HSO produced from the O12-C3H7SH reaction. The
PIE spectrum is characterized by a step onset at 125 nm and
by an increase of the ion yield from the onset up to a plateau
at about 110 nm.
PIE spectra of ions at m/z549 generated with an alter-
native reactant, C2H5SH, are depicted in Fig. 5. The upper
curve of the ion yield spectrum in Fig. 5~a! was recorded
with the microwave discharge on, whereas the lower curve
was measured with the microwave discharge off, represent-
ing the background signals. In contrast to the case of
2-C3H7SH as a reactant, large background signals from the
C2H5SH reactant appear at 112.5 nm and continue to in-
crease to 107 nm. This background problem is further dis-
cussed in the next section. The difference between the two
curves in Fig. 5~a! is plotted in Fig. 5~b!, which is the PIE
spectrum of the HSO radical. Because signals from the reac-
tion product HSO are less than 10% of the total ion counts at
FIG. 4. Photoionization efficiency spectrum of HSO (m/z549) generated
from the O12-C3H7SH reaction over the wavelength range ~107–130! nm at
a nominal resolution of 0.4 nm ~slit width 0.2 mm! and with 0.2 nm steps.J. Chem. Phys., Vol. 106,
Downloaded¬21¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjec107 nm, the statistical error of the spectrum is large in the
wavelength range ~107–110! nm. However, the envelope of
the curve in Fig. 5~b! is identical to that of Fig. 4. There also
occurs a step onset at 125 nm.
We also measured the PIE spectrum of ions at m/z
549 from the HSC2H4SH reactant. The ion yield in this case
was about a factor of 10 smaller than in the case of
C2H5SH. As in the latter case, large background signals were
observed at smaller wavelengths when the microwave dis-
charge was off, but the background appeared at 115.4 nm
compared to 112.5 nm in the case of C2H5SH. We estimate
the ion counts at m/z549 arising from HSO to be about 5%
FIG. 5. ~a! Photoionization efficiency spectra of ions at m/z549 in the case
of C2H5SH as reactant to produce HSO. Upper curve: microwave discharge
on for generation of O atoms; lower curve: microwave discharge off. Slit
width 0.2 mm and scan step 0.2 nm. ~b! Plot of the difference between the
two curves in ~a!, enlarged by a factor of 10.No. 23, 15 June 1997
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spectrum of HSO after subtracting the background signal is
therefore of poor quality. However, the overall envelope of
the PIE spectrum is quite similar to those shown in Figs. 4
and 5~b! and also a conspicuous step onset occurs at 125 nm.
In order to improve the determination of the ionization
energy of HSO, detailed examinations near the threshold re-
gion were performed for all three reactions. Figure 6 displays
the threshold region of HSO from the O12-C3H7SH reaction
over the wavelength range l5~120–130! nm. The spectrum
was recorded at a nominal resolution of 0.2 nm ~with a slit
width of 0.1 mm! and with 0.1 nm steps. The threshold is
derived from the distinct step shown at the onset either from
the first derivative or from the midrise point of the onset. A
threshold of ~125.060.2! nm was obtained, which corre-
sponds to an ionization energy of ~9.91960.014! eV. Simi-
larly, the ionization energy of HSO was also determined
from measurements in the threshold region from the
O1C2H5SH and O1HSC2H4SH reactions. Table II lists all
the determinations of the ionization energy of HSO. Taking a
simple average, we find the ionization energy of HSO to be
~9.91860.016! eV.
FIG. 6. Photoionization threshold region of HSO over the wavelength range
l5~120–130! nm at a nominal resolution of 0.2 nm and with 0.1 nm steps.
HSO was generated from the O12-C3H7SH reaction. The arrow indicates
the ionization energy of HSO.
TABLE II. Ionization energies of HSO produced from different reactions.
Reaction IE/eV
O1C2H5SH 9.90760.014a
O12-C3H7SH 9.91960.014a
O1HSC2H4SH 9.92760.014a
Average 9.91860.016b
aUncertainty derived from instrumental resolution.
bUncertainty limits represent 2s.J. Chem. Phys., Vol. 106,
Downloaded¬21¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjecBeginning from the threshold, three steplike features ap-
pear in Fig. 6, which are attributed to a Franck–Condon
vibrational progression of HSO1. Their separation corre-
sponds to a vibrational frequency of (11506160) cm21.
E. Appearance energy (AE) of CH2SH1
In the background experiments with the microwave dis-
charge off, we detected strong signals at m/z549 starting at
112.5 nm for the system O21C2H5SH in He, as illustrated in
the lower curve of Fig. 5~a!. As there were no O atoms
present in the flow tube, no HSO radicals were produced and
the observed signal therefore arises from some other species.
We also monitored the ions at m/z547 under the same flow
conditions. At the photoionization wavelength of 110 nm,
the ratio of the ion counts recorded at m/z549 and at m/z
547 is about 4.5%, which is consistent with the isotope ratio
34S/32S in natural abundance. Hence the ions at m/z547 and
m/z549 may be CH232SH1 and CH234SH1, respectively.
The PIE spectrum of ions at m/z547 from C2H5SH is
shown in Fig. 7. CH2SH1 is generated by fragmentation due
to photoionization of CH3CH2SH,
CH3CH2SH1hn!CH31CH2SH11e ,
AE5~11.0260.04! eV. ~5!
The curve for m/z547 in Fig. 7 is identical to the lower
curve for m/z549 in Fig. 5~a!, indicating that those signals
arise from isotopomers. If we extrapolate the linear portion
near 111 nm in Fig. 7, the line will intersect with the back-
ground level at ~112.560.4! nm. This value corresponds to
an appearance energy of ~11.0260.04! eV for CH2SH1 from
CH3CH2SH.
FIG. 7. Photoionization efficiency spectrum of ions at m/z547 from
C2H5SH. This spectrum is attributed to CH2SH1 formed through
CH3CH2SH1hn!CH31CH2SH11e .No. 23, 15 June 1997
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m/z547 and m/z549 when the microwave discharge was
off. In analogy to the discussion above, we conclude that the
observed signals arise from CH232SH1 and CH234SH1, re-
spectively, and that these ions are formed by photoionization
fragmentation of HSCH2CH2SH,
HSCH2CH2SH1hn!CH2SH1CH2SH11e ,
AE5~10.7460.04! eV. ~6!
In the case of 2-C3H7SH, as the molecular topology
CH3CH~SH!CH3 contains no CH2SH moiety, CH2SH1 can-
not be generated according to a mechanism of photoioniza-
tion fragmentation similar to reactions ~5! and ~6!. Thus the
ions at m/z549 obtained from the reaction system
O12-C3H7SH are entirely attributed to HSO1, free of inter-
ference from CH234SH1. For this reason, the O12-C3H7SH
reaction is the most reliable source for HSO in the present
experiments.
F. Theoretical results for the IE of HSO
The optimized structures of HSO, singlet HSO1, and
triplet HSO1 at the MP2~full!/6-31(d) level are depicted in
Fig. 8. The structure of singlet HSO1 is similar to that of
neutral HSO. The structure of triplet HSO1, in contrast, is
quite different from that of neutral HSO: the S–O bond in
triplet HSO1 is '0.8 Å longer and the bond angle is '13°
smaller than in neutral HSO.
Table III lists the calculated values of EG2 , EG28 , IE,
and IEvertical of HSO and its cations. For ionization to singlet
FIG. 8. Optimized structures at MP2~full!/6-31(d) level of HSO, singlet
HSO1, and triplet HSO1.
TABLE III. Calculated EG2 , EG28 , IE, and IEvertical of HSO and its cations.
EG2
/hartree
EG28
/hartree
IE
/eV
IEvertical
/eV
HSO 2473.423 673
Singlet-HSO1 2473.059 957 2473.058 946 9.897 9.925
Triplet-HSO1 2473.011 936 2472.950 416 11.204 12.878J. Chem. Phys., Vol. 106,
Downloaded¬21¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjecHSO1, the calculated values of IE and IEvertical are 9.897 and
9.925 eV, respectively. The calculated values of IE and
IEvertical for ionization to triplet HSO1, are 11.204 and
12.878 eV, respectively. Those values differ by 1.674 eV,
whereas for singlet HSO1 the difference is 0.028 eV. This
trend correlates with the structural variations between HSO
and its singlet and triplet cations. According to the calcula-
tions, the ionization of HSO near the threshold region is
more likely to form the singlet ion; the calculated IE of 9.897
eV agrees well with the experimental value of 9.918 eV. As
the structure of singlet HSO1 resembles that of neutral HSO,
and as the calculated IE and IEvertical differ by only 0.028 eV,
a distinctly sharp onset in the PIE spectrum is expected near
the ionization threshold, consistent with our experimental
observation. Close inspection of the PIE spectra in Figs. 4
and 5~b! reveals that a discontinuity occurs at '~111.260.4!
nm, corresponding to an energy of ~11.1560.04! eV. Ac-
cording to the calculation, this may indicate an onset to trip-
let HSO1.
The vibrational frequency of the bending mode of neu-
tral HSO from the scaled calculation at the HF/6-31(d) level
is 1061 cm21, see Table IV, in satisfactory agreement with
the experimental value of 1063 cm21 derived from a chemi-
luminescence spectrum.7 The calculated vibrational fre-
quency of the bending mode for singlet HSO1 is
1104 cm21, close to the observed vibrational frequency of
(11506160) cm21. Therefore we tentatively assign this vi-
brational frequency to the n2 mode of singlet HSO1.
G. Heat of formation of HSO1
The heat of formation of HSO1 can be derived from the
heat of formation of HSO and IE of HSO. The heat of for-
mation of HSO has been a matter of controversy over the last
years. Experimental values vary between D fH298
+
(HSO!<14.9 kcal mol21 and D fH0+ (HSO!52~0.960.7!
kcal mol21,7,33–35 and theoretically deduced values range
from D fH0
+ (HSO!5~0.363.0! kcal mol21 to D fH298+ (HSO)
<2(6.161.3) kcal mol21.36–42 A recent compilation rec-
ommends D fH298
+ (HSO!52~165! kcal mol21,43 close to the
latest experimental value reported.35 Taking this recom-
mended value for D fH298
+ (HSO) and the value from this
work for IE of HSO, the heat of formation of HSO1 is cal-
culated to be D fH298
+ (HSO1!5~22865! kcal mol21.
IV. CONCLUSIONS
The PIE spectrum of HSO was measured for the first
time with a discharge-flow system coupled to a photoioniza-
tion mass spectrometer that employs synchrotron radiation as
TABLE IV. Scaled vibrational frequencies (cm21) of HSO, singlet-
HSO1, and triplet-HSO1 calculated at the HF/6-31(d) level.
n1 n2 n3
HSO 2543 1061 751
Singlet-HSO1 2518 1104 1285
Triplet-HSO1 2528 917 890No. 23, 15 June 1997
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9733Cheng et al.: Ionization energy of HSOthe ionizing source. HSO radicals were produced from reac-
tions of O atoms with various organothiol compounds,
C2H5SH, 2-C3H7SH, or HSC2H4SH, in the flow tube.
Among those, the O12-C3H7SH reaction was found to be
the best suited source for generation of HSO radicals as there
was no interference from fragments arising from the photo-
ionization. The PIE spectrum of HSO displays a distinctly
sharp onset. The threshold for ionization of the ground state
of HSO to singlet HSO1 was determined to be ~9.918
60.016! eV. This result agrees satisfactorily with theoretical
calculations using the G2 method. The onset for ionization of
the ground state of HSO to triplet HSO1 may occur at about
~11.1560.04! eV. One vibrational frequency of HSO1 was
found to be (11506160) cm21, which we tentatively assign
to the n2 bending mode. The heat of formation of HSO1 is
calculated to be D fH298
+ (HSO1!5~22865! kcal mol21.
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